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SUMMARY 



High-molecular-weight viral DNAs have been packed into proteoliposomes prepared by reverse-phase 
evaporauon^^^^^^^^^ 

bic anchors . DNA has been encapsulated in the form of spermine condensates - toroidal structJes sked 

DNA of up to 3x10. Specific mfectivity of smiian virus 40 DNA and simian adenovirus DNA packed 
mto such proteohposomes was 50- to 100-fold higher than that shown by free DNA preparations under 
Ca - phosphate-precipitation conditions. <tuuii5 unaer 



INTRODUCTION 



Transgenosis, or transfection, i.e., transfer of 
genetic material into the cell is a limiting factor for 
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Abbreviations: A, absorbance; DMSO. dimethyl sulfoxide; 
DTAB, dodecyl trimethyl ammonium bromide; GMK, green 
monkey kidney; HA, hem agglutinating activiity or hemagglu- 
tinin; HL, hemolysin, hemolysiiig activity; PA, polyacrylamide; 
PFU, plaque-forming units; RPE. reverse-phase evaporation; 
SAd, simian adenovirus; SDS, sodium dodecyl sulfate; Sv] 
simian virus. 



many biological experiments. Great difficulties are 
involved with transfection of eukaryotic cells by 
high-M, viral DNA, because the available methods, 
starting with the first successful experiment of 
Szybalska and Szybalski (1962), are either of low 
efficiency (Graham and Van der Eb, 1973) or techni- 
caDy complicated (Diakumakos and Gershey, 1977). 
Artificial phospholipid vesicles are ideal DNA 
carriers in many respects (Gregoriadis and Allison, 
1980): they are nontoxic and biodegradable, they 
protect the trapped DNA from DNase, and provide 
transport of nucleic acids into the ceUs and cellular 
organelles. However, liposomal transfer has yet to be 
investigated and its optimal' characteristics have to 
be determined. The employment of liposomes for the 
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ran port of high-A/, DNA into the ceUs entails 

additional problems, since packaging of this DNAis 
huidered by its large size and sensitivity to ultra- 
sound required for the preparation of liposomes by 
RPE method (RPE liposomes). In this study we 
have earned out the condensation of DNA which 
practicaDy aboUshed the size dependency for DNA 
and allowed its highly efficient encapsulation into 
liposomes prepared by the RPE method. Previously 
imear DN^ with an of no more than 0.6 Tw 

liTltrnT"'"'"" "^•^ OVong 
et al., 1980), whereas m our experiments DNAs with 

up to 3x10' were packaged 
For optimization of DNA transfer into the ceUs 
hl^somes eanying influenza virus glycoproteins on 
he. surface have been used. Th, targeting of pre- 
formed hposomal membrane was carried out by 
protems chemically modified with the help of 

paJmitoylchloride,whichfunctionsasahydrophobic 
anchor^ Specific mfectivity of viral DNA transfeired 
by RPE hposomes into the cells was thereby signifi- 
cantly mcreased. Some of the prehminary refults 
have been reported by Glushakova et al (1985) 



MATERIALS AND METHODS 
(a) Biochemicals 

Spermine-4 HCl and DNase II were from Cal- 
biochem; cholesterol and DTAB were from Sigma- 
F,coll-400wasfromPhannacia;otherreagents^i 
from Reakhim. PhosphatidylchoUne was isolated 
from chicken egg yolks by the method described by 
Dubichev and Glushkova (1985); the purity of the 
phosphohpid preparation was tested according to 
the method of Svetashev and Vaskovski (1972) 

(b) DNA 

DNA from phage X and adenovirus SAd7 was 
isolated using the the procedure of Maniatis et al. 

SV40 DNA was isolated from plasmid pSGI carrv- 
mg a completegenome of this virus, with subsequSt 
ligation and electrophoresis in agarose gels using 
conventional techniques (Maniatis etal.. 1982) 
Condensation of viral DNA by spermine and sub- 
sequent analysis were carried out as described by 



(1978). DNA was analyzed by electrophores 
0.7/.^agarose gel by the technique of Helling « ^ 

^^P-labeled DNA was prepared by nick-tran, 
lation usmgamodification ofthemethod of Man,^ 

etal. (1975). Special care was taken in comply;: 
removing DNase from all solvents. Tl^ereactiont^ 
conducted m the medium with two [-PJnucleot,^ 
for 30mm at 2"C. Specific activity of DNA equ^ 
an average of 2 x 10' cpm/^g of DNA. 

(c) Liposome preparation 



DNA was encapsulated into RPE liposomes 
according to the procedure of Fraley et al (19^ 
1981) with the following modifications. 10 .M o^ 
phosphatidylcholine and 3.3 of cholesterol in 0 5 
ml of ether were taken. Aqueous phase (20 mM 
Tns^ HCl pH 7.6, 25 mM NaCl) contained 1 to 
jigofnativeorcondensed DNAin 160,.l. Untrapped 
DNA was separated by flotation in Ficoll For 
nuclease treatment of liposomal preparation DNase 
11 (final concentration 100 /zg/ml) was used, the 
reaction was conducted at 37°C for 60 min For 
aJ'r encapsulated into hposomes 

andsubsequently targeted accordingtothetechnique 
of Shen et al. (1982). 

Influenza virus A/FPY/Rostock/H7/NI was used 
It was grown in chick embryos, purified and concen- 
trated by the method of Kingsbmy (1966). Influenza 
vmis glycoprotems were isolated using the cationic 
det rgent DTAB that can selectively solubilize the 
vn-al glycoproteins (Glushakova etal., 1985b) The 
isolated proteins were analyzed by SDS-PA gel 
electrophoresis according to the procedure of 
Laemmh (1970). Protein" concentration was meas- 
ured by the method of Lowiy et al. (1951) TTie HA 
was chemicaUy modified by pahnitoyl chloride as 
described by Torchilin et al. (1980). Hemagglutinat- 
mg and HL activities of glycoproteins in free state 
and in proteoliposomal preparations were assessed 
accordmg to Fazekas et al. (1966) and Sato et al. 
(1983), respectively. 

(d) Transfection 

InfectivityofviralDNAwastestedinprimarily 
tiypsmized GMK cell cultures. The infection was 
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carried out by the Ca- phosphate precipitation 
method (Van der Eb and Graham, 1980) or by 
liposomal techniques (Fraley et al., 1981 ; Mertz and 
Berg, 1974) with some modifications. Prior to the 
exposure to DNA-containing material, the cells in 
each 60-mm dish containing 10* ceUs were activated 
by 20% glycerol (4 min). The exposure of cells to 
liposomes or Ca - phosphate precipitate lasted 60 
min at 37 °C with periodic gentle shaking of the 
flasks followed by agar layering (Mertz and Berg, 
1974). The results were recorded on days 18-20 
postinfection by counting the number of plaques. 



RESULTS 

(a) Encapsulation of condensed viral DNA into RPE 
liposomes 

Only large unilamellar vesicles of all the liposomes 
can efficiently encapsulate large linear molecules, 
such as DNA (Straus et al., 1981). Liposomes pre- 
pared by the RPE method can entrap up to 65% of 
water-soluble material, which is more than other 
large liposomes can (Szoka and Papahadjopoulos, 
1978). The incorporation of circular superhelical 
SV40 DNA has been reported (Fraley et al., 1980; 
1981). However, the preparation of these liposomes 



requires intensive ultrasonic treatment, which leads, 
as we have shown, to complete destruction of hnear 
viral DNAs (of adenovirus SAd7 and of phage X) 
with M,s of 22 x 10^ and 30 x 10*, respectively 
(Glushakova et al., 1983). 

(1) Spermine-induced DNA condensation 

For efficient incorporation of linear high-M^ DNA 
into vesicles we have attempted to condense these 
nucleic acids, i.e., to prepare compact DNA forms 
resistant to ultrasound and appropriate in size to fit 
into RPE liposomes. To this end we applied 
spermine, for the first time used by Szybalska and 
Szybalski (1962) for transfection of human cells. 

Electron microscopy of condensed DNA struc- 
tures produced in water- salt- spermine solutions 
has shown that under optimal condensation condi- 
tions, hnear k DNA was turned into a compact 
toroidal structure (Fig. 1). Spermine concentration 
needed for torus formation was primarily dependent 
on ionic strength of the medium. Thus, for example, 
in 1 mM NaCl, 1 mM Na • cacodylate, 10 mM 
EDTA, pH 6.45, condensation of DNA is initiated 
at spermine concentration of 24 /zM 24 (Fig. 1 A). In 
addition to toroid structures, uncondensed DNA 
strands can also be seen. At spermine concentration 
of 30 /xM virtually all the DNA assumes a compact 
toroidal form (Fig. IB). The rise of spermine concen- 
tration to 36 /xM will result in aggregation of tori (not 





Fig. 1 . DNA condensation by spermine in buffer with low ionic strength. (A) Spermine concentration 24 /iM. (B) Spermine concentration 
30 ^M. nie bar corresponds to 1 /.m. Condensation of viral DNA by spermine and subsequent analysis were carried out as described 
by Gosule and Schellman (1976) and Chattoray et al. (1978). Briefly, viral DNA (A or SAd7) was dissolved in low-ionic-strength buffer 
(1 mM NaCl, 1 mM Na • cacodilate, 10 mM EDTA, pH 6.45) containing indicated spermine concentrations. After a 20-min incubation 
at 20X the mixtures were prepared for electron-microscopic analysis. DNA preparations were applied to collodion grids and shadowed 
with Pt : Pd (1 : 4) at a 10° angle. 
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shown). A similar picture has been observed in a 
medium with higher ionic strength: in 25 mM NaCl 
the tori were produced at 65 ,,M of spermine, and in 
50 mM NaCI at 300 of spermine. DNA con- 
densates were rather stable: incubation for 60 min at 
37=C or for 16 h at 4'C failed to cause decondensa- 
tion. However, the tori were transformed into loose 
structures with increasing ionic strength. Average 
torus diameter was equal to approx. 0.1 ^m, which 
IS smaUer than the average diameter of RPE Upo- 
somes (0.3 ^M) (Szoka and Papahadjopoulos, 
l"7o}. 

(2). Resistance to ultrasound 

The ability of spermine to enhance DNA resist- 
ance to ultrasound was tested by electrophoretic 
analysis m agarose gels of the samples that under- 
went condensation followed by ultrasonic treatment 
It should be noted that the electrophoretic buffer had 
a higher ionic strength than the medium for DNA 
condensation, which resulted in partial removal of 
spermme from the DNA during application of the 
sample on the gel. 

As seen in Fig. 2, in the presence of 25 mM NaCl 
spermine at concentrations of 65 and higher 
protected DNA from ultrasonic destruction. In 145 
mM NaCl complete destruction of DNA was 
observed at spermine concentrations up to 400 /iM 
(higher concentrations have not been tested) It is 
noteworthy, that DNA preparations protected by 
spermme from ultrasonic damage had a somewhat 
lower electrophoretic mobility than control DNA 
(Fig. 2, lanes J and L), which can be accounted for 
by possible residual neutralization of some DNA 
charges by undissociated spermine molecules. Sper- 
mine condensation is reversible, for the increase in 
the ionic strength in the condensed nucleic acid 
preparation from 25 mM NaCl to 145 mM and 
subsequent sonication of the preparation led to com- 
plete DNA destruction (Fig. 2, lane M). This con- 
firms electron microscopic observations on decon- 
densation of tori in the medium with increased ionic 
strength. 

(3) Efficiency of encapsulation 

Using [3^P]DNA we have determined the effi- 
ciency of encapsulation of spermine condensates of 
vu-al DNA into liposomes. To this end, [^^pjdna 
of A or SAd7 were condensed by spermine, incor- 



A B, C D £ F G H I 



J K L M 




Fig. 2. Electrophoretic analysis of wal DNA preparations 
treated with spermine at indicated ionic strengths and exposed 
to ultrasound. Lanes A-D, buffers of low ionic strength (25 mM 
NaQ), with spermme concentrations: A, 30 /<M- B 60 uM- C 
65 /-M; D. 80 ^M. Lanes E-H, buffers with higher ionic strenW 
(145 mM NaQ), with spermine concentrations: E, 100 uM- F 
200 ;xM; G, 300 ^M; H, 400 ;,M. Lanes: I, control phage DNA 
preparation; J, phage X DNA in the buffer with low ionic strength 
and 80 spermine; K, control SAd7 DNA preparation- L 
SAd7 DNA in the buffer with low ionic strength and 80 Lm 
spermine; M, SAd7 DNA condensed in the medium with low 
ionic strength and sonicated immediately after an increase of 
Naa concentration in the medium to 145 mM. In each case 4 
n of DNA were sonicated in 160 ,il of the buffer at specified 
spermine concentrations for 15 s in a bath-type disintegrator 



porated into liposomes, and the radioactivity of 
loaded vesicles purified by flotation in Ficoll was 
counted (Table I). It is seen that the entrapment 
efficiency into Uposomes for uncondensed low-M 
DNA was 45%, and that of high-M, condensed tori 
was 30%. The pattern of label distribution in the 
FicoU gradient fractions after flotation was essen- 
tially unchanged when the liposomes were pretreated 
with DNase (not shown). 

(b) Preparation of proteoliposomes 

The interaction of liposomes with ceUs is known 
to be enhanced in the presence of some ligands i 
coupled to vesicular membrane (Szoka et al., 1981- 
Torchilin and Klibanov, 1981). We have chosen 
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TABLE 



Efficiency of encapsulation of condensed and uncondensed viral [^^PJDNA into RPE liposomes determined by H] 



liposome flotation in 



Preparation ^ 


Radioactivity of liposomal preparation 
(cpm) 

Before FicoU After Ficoll 
flotation'* flotation 


Ratio of radioactivi- 
ties of liposomal 
preparation after and 
before FicoU flota- 
tion (%) 


Liposomes loaded with 








uncondensed viral 








[^^P]DNA (X or SAd?)'' 


345650 


155540 


45 


Liposomes loaded with 








viral [32P]DNA {X or SAd7) 








condensed by spermine'' 


176700 


54700 


31 



section c. 

b 



, . „^,, .^^^aH^umicu in is^rn-uposomes as descnbed in MATERIALS AND METHODS. 

pr^~""'"''''' ^^^'^^'"''^ ' '"^"^^ <^"-g liposome 

Liposome-encapsulated viral [^^PJDNA condensed with spermine had a high M 
^ Liposomes were purified from free [^^PJDNA by flotation in Ficoll gradient according to the procedure of Glushakova et al. (1985b). 



influenza virus glycoproteins as ligands for prepara- 
tion of targeted vesicles that would simulate first 
stages of viral infection by interacting with cell 
receptors. 

For selective solubilization of viral glycoproteins 
we have used cationic detergent DTAB, which, 
unlike its analog cetavlon that was previously used 
for these purposes, can be easily removed from 
protein solutions by dialysis. Selective solubilization 
of viral glycoproteins requires a detergent concen- 
tration of 0. 15-0.20 % . The protein yield equalled an 
average of 50-60% of the theoreticaUy expected 
value. Comparative characterization of HA and HL 
activities in the preparation of glycoproteins and in 
concentrated virus suspension (Table II) has shown 
that both activities are preserved in the HA isolated 
by DTAB, HA activity being increased and HL 
activity somewhat decreased (HA accounts for 20% 
of the viral protein). 

Before incorporation of viral HAs into liposomes, 
paknitic acid residues, the so-called 'hydrophobic 
anchors' having a high affinity to the lipid bilayer, 
were covalently linked to the basic amino acids 
(Torchilin et al., 1980), All attempts to couple un- 
modified glycoproteins to the membrane of pre- 
formed hposomes were unsuccessful. 



Coupling of the hydrophobic ally modified HAs 
with hposomal hpids was performed in the presence 
of diethyl ether or 0.15% deoxycholate, which to 
some extent destabilizes the lipid bilayer. Subsequent 
dialysis removes the ether and the detergent from the 
liposomes, thereby enhancing and stabihzing the 
hydrophobic interactions of the modified protems 
with the hposomal membrane (Shen et al., 1982). 

We have previously assessed the effect of sodium 
deoxycholate and ether on HA activities in the glyco- 
protein preparations^ The detergent did not reduce 
the protein's activities, while the ether decreased HA 
activity up to 800-fold, and HL activity three-fold. 

Couphng of modified glycoproteins to liposomal 
membranes was carried out at a protein : lipid ratio 
of 1:10. It follows from the data presented in 
Table III that, after the interaction with viral glyco- 
proteins, the liposomes acquired the ability to 
agglutinate and lyse chicken red blood cells. Control 
liposomal preparations without coupled proteins did 
not possess HL activity, but displayed an unexpected 
HA activity amounting to 2 HA units (not shown). 

The percentage of glycoproteins coupled with lipo- 
somes was dependent on the initial protein : lipid 
ratio taken in the experiment (Table IV), The absence 
of an expected increase in the percentage of linked 
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TABLE II 



Comparative characterization of hemagglutinating (HA) and 
hemolysing (HL) activities of DTAB-isolated glycoproteins and 
concentrated viral preparations 





Glycoproteins " 
or virus ^ 


Activity 


HA 

activity 


Glycoprotein 
20 tig of protein 


262 100 HA units 




Virus 

20 of protein 


32700 HA units which 
is equivalent to 163500 
HA units per 20 of 
virus HA 


HL 

activity 


Glycoproteins 
20 us/mi . 


4.27 A units 




Virus 

20 /ig/ml of protein 


3.84 A units which 
is equivalent to 
19.20 A units per 
20 /ig/ml of virus HA 



^ Glycoproteins were prepared by treatment of concentrated 
virus suspension (1 mg/ml of protein) in 145 mM NaCl. 5 mM 
Na^HPO^, 0.2% DTAB for 60 min at room temperature; the 
suspension was then layered on 2 vols, of 10% sucrose on the 
same buffer and centrifiiged in an SW 50-1 rotor for 90 min at 
35000 rev./min, 4°C Glycoprotein-containing supernatant fluid 
was intensively dialysed against distilled water pH 7.5-8.0, con- 
centrated to 1.5 mg/ml, and HL activity was determined.' 
^ Virus was prepared as described in MATERIALS AND 
METHODS, section c. 

HA activity was determined according to Fazekas et al. ( 1983). 

HL activity was determined according to S ato et al ( 1 983) and 
expressed as 520 nm^ of a hemoglobin solution released by red 
blood ceU lysis caused by the virus and glycoproteins in acidic 
medium, pH 5.2. 

protein at a protein : lipid ratio of 1:2 can be 
accounted for by the fact that these liposomes tend 
to aggregate. As a result some proteoliposomes 
remain on the bottom of the test tube during flotation 
and are not taken into account. This suggestion has 
been verified in the experiment on fractionation in 
Ficoil gradient (not shown). Since protein binding 
with RPE-liposomes required a modification of the 
original method, we have determined the efficiency 
of entrapment of spermine-condensed [^^P]DNA 
into such targeted vesicles. It proved to be lower than 
with untargeted liposomes (30%, as mentioned 
above) and equalled 12.3%. These fmdings conform 
with the data of the authors who coupled modified 
proteins with RPE-liposomes (Sheb et al., 1982). 



TABLE HI 



HA and HL activities of glycoprotein-reconstructed lipoj 
preparations 



Experiment 
No. 


Preparation'' 


HA 

activity 
(units) 


HL 

activity c 
Units) 










1 


Test 


512 


1.3 




Control 


64 


0 


2 


Test 


16 


1.9 




Control 


2 ' 


0.2 



" Equal volumes of liposomal preparations with equal lipid 
content were tested (lipid content was determined by [^h]. 
cholesterol incorporated into liposomal membrane). 

Much lower values of HA activity in the 2nd experiment can 
be explained by high inhibitory effect of the ether on the protein- 
standardization of the amount of the ether in liposomal sus- 
pension at the time of protein addition involves methodological 
problems. For assay method see Table H, footnote c. 

For methods see Table II, footnote a. 

Both liposomes and proteohposomes were able to 

transfer their content into eukaiyotic cells as evident 
from experiments with labeled [^2p]DNA (Table V). 
It can be seen from the data presented that the 
percentage of the label transferred into the cells by 
liposomes was very low in all cases. Because radio- 
active compounds encapsulated in hposomes do not 
permit the distinction between intracellular deHvery 
of liposome content and the adsorption of vesicles to 
the cell surface, we have assessed biological activity 
of hposome-mediated transfer of DNA. 

(c) Transfection of green monkey cell culture by viral 
DNA packaged into liposomes 

To assess the efficiency of liposomal transfer of 
biologically active viral DNA into the GMK ceUs, we 
have determined the infectious titers (PFU/^g of 
DNA) of SV40 DNA and SAd7 DNA packed into 
RPE liposomes. The results were compared with the 
values pbtained in parallel experiments for trans- 
fection of the same GMK cell culture by DNA 
preparations under the conditions of Ca • phosphate- 
precipitation. The results summarized in Table VI 
show that lipbsbmes provide a more efficient transfer 
of viral DNA into the ceUs (of both linear SAd7 
DNA and circular S V40 DNA) than Ca • phosphate 
precipitate; for SV40 DNA the use of standard hpo- 
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TABLE IV 

Percentage of protein bound to liposomes determined by flotation in FicoU 



Protein/liposome 
ratio" 



Radioactivity of proteoliposomal preparation 
(cpm) 



Before flotation** 



After flotation^ 



% of protein 
incorporation into 
proteoliposomes** 



1:10 

1:5 

1:2 



2400 
7200 
15200 



900 
4350 
8000 



37.5 
60.4 
53.6 



" Weight ratio of added protein to lipid of preformed liposomes. 

^ The amount of protein bound to Uposomes during reconstitution was determined with the use of glycoproteins to which [^Hlpalmitic 
^.dres^ueswerepr^^^^^^^^ 

and kep or several hours at room temperature; the unbound label was then removed by 6-h dialysis (three changes of 1000-fold 
volumes). Labeled protems were then incubated with liposomes under conditions specified in RESULTS, section b. Numbers represent 
total radioactivity (proteohposomes plus unbound labeled proteins). 

^ Afler flotation, the proteoliposome preparation was suspended in the initial volume of the buffer, and radioactivity was measured in 
aliquots equal to those mentioned in footnote b. ojoacuviiy was measured in 

Le totme dtrT.f''''^ radioactivity associated with the fraction of proteohposomes floating to the top of the Ficoll gradient. 
TABLE V 

Transfer of viral DNA into GMK ceU culture by Ca • phosphate 
precipitation method and liposomal technique 



Method of 
transfer" 



Radioactivity Radioactivity bound 
applied to cells to cells** 





(cpm) 


cpm 


% of total 


Ca - phosphate- 








precipitate 


469280 


. 220 


0.04 


RPE liposomes 


68780 


390 


0.54 


Proteohposomes 








i:10' 


120870 


1400 


1.16 



" Ca • phosphate precipitate of [^^pj^j^^^ preparations of lipo- 
somes and proteohposomes loaded with the same [^^PJDNA 
were prepared according to Mertz and Berg (1974), Fraley et al. 
( 1 980) and Szoka et al. ( 1 98 1 ), respectively. The design of aU the 
experiments included the following stages: the semiconfiuent 
monolayers (approx. 5 x 10* cells per IS-om^ flask) of GMK 
cells were thoroughly washed with buffer-salt solution from 
serum-containing culture medium; they were treated for 4 min 
with 4 ml of 20% glycerol. Liposomal or proteoliposomal 
[^^PJDNA preparations or [^^PJDNA Ca • phosphate-precipi- 
tate preparations were incubated with ceil monolayer for 30 min 
at 37X with subsequent addition of 5 ml of the medium to the 
cells, followed by a 6-h incubation. 

^- In the case of liposomes, the vesicles which did not penetrate 
into the cells were desorbed by competitive method with excess 
of 'empty* hposomes and in the case of DNA Ca - phosphate 
material adsorbed on the external side of cytoplasmic membrane 
was desorbed by buffer with 5 mM EDTA. Radioactivity bound 
with cells after theu" removal from the glass by Versene solution 
was counted. 



somes yielded a specific infectivity 34 times as high 
as in the Ca • phosphate-precipitation technique. The 
use of proteohposomes (1:5 type) provided a speci- 
fic infectivity of DNA that was 55 times as high. For 
SAd7 DNA the specific infectivity was increased 
approx. three times (as compared to the Ca • phos- 
phate-precipitation technique) in the case of stan- 
dard liposomes, and 107 times in the case of proteoli- 
posomes (1 : 5 type). The effect of targeting of vesicu- 
lar membrane by viral glycoproteins was especially 
marked for adenoviral DNA (infectivity increased 
38-fold). 

Specific infectivity of SAd? DNA in proteo- 
hposomes of the 1 : 2 type was one-fourth of that in 
proteohposomes of the 1 : 5 type. The aggregation of 
the first type of hposomes seems to be the most hkely 
explanation: as a result of the aggregation they 
float poorly in Ficoll and are scarcely absorbed by 
the cells via endocytosis (Schwendener et al., 1984; 
see also RESULTS, section b). Proteohposomes of the 
1 : 5 type, which yielded a higher specific infectivity 
than type 1:10 proteohposomes (not shown) seem to 
be the optimal tool for the transfer of exogenous 
substances into the cell. It should be noted that 
proteohposomes which were not subjected to 
fractionation in Ficoll gradient had a lower specific 
mfectivity than the floated vesicles. 
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TABLE VI 

Infectivity of simian adenovirus SAd7 DNA and virus SV40 DNA 

Preparation Infectivity, PFU//ig 

of incorporated DNA** 



Specific infectivity of 
liposomes; Ca- precipi- 
tate ratio 



Specific infectivity 

liposome/proteoliposo- 
me* 



Liposomes* 
With flotation 
Without flotation 

ProteoUposomes 1 : 2 

With flotation 
Without flotation 

DNA Ca • phosphate- 
precipitate 



SV40 



612.4 
332.2 



SAd7 



7.6 



SV40 



34,5 
18.5 



SAd7 



2.8 



SV40 



SAd7 



18.0 



66.6 



2.6 



24.7 



8.8 



MeSoDS. '::SLT DNAs were prep^l^cording to Fra.ey e. a.. (.TsO). For details see MATE^i^ 

" Protein-to-lipid ratio. See footnote " to Table IV. 

^nfe^r"?*"? T^M °^ ^^""^ P'^P^'^" '° M^rt^ and Berg (1974) 

del: mI^^TJu^^^^^^^^ r r'r~,- precipitates was detertni^d as 

vesicles or per 1 ,g of .p. DNA^rof cl^^^^^^^^^^^^^ ' ^ "'^^ 

« The rat.o was calculated between the specific infectivities of similarly purified liposome and proteoliposome preparations. 



DISCUSSION 

The transfer of DNA into eukaryotic ceUs fol- 
lowed by the investigation of their expression has 
been widely used for the studies of the structure and 
function of genetic material. Several methods of the 
transfer of nucleic acids into the ceUs have been 
proposed: precipitation witii Ca- phosphate (Gra- 
ham and Van der Eb, 1973), microinjection into the 
ceU nucleus (Diacumakos and Gershey, 1977), the 
use of DEAE-dextran (Lewis etal., 1980), of red 
blood cell ghosts (Ihleret al., 1973) and some others. 
Recently, phospholipid Hposomal vesicles have been 
employed for this purpose (Gregoriadis and Allison, 
1980). The main advantages of liposomes are: DNA 
protection against nucleases, tiie possibility to work 
with DNA without carriers, multipUcity of targeted 
cells, gentle treatment of tiie ceU, the possibility of 
simultaneous transfer of DNA into many ceUs, 
standard experimental procedure owing to good 
preservation of liposomal preparations, technical 
simpUcity of the experiment, the possibiUty to use 
Uposomal vesicles in die in vivo experiments. At the 
same time, the types of liposomes to be used for 
packaging of high-Af, linear DNA have to meet most 



stringent requirements. They should be large, 
preferably unilameUar vesicles, with large internal 
volume, highly efficient in incorporating water- 
soluble material. RPE liposomes are the best in this 
respect, however, their preparation requires an ultra- 
sonic treatment and only smaU linear DNA with 
M, below 6 X 10^ can be incorporated undamaged 
into such liposomes (Wong et al., 1980). Maximal 
size of a DNA packed into RPE-liposomes reached 
Mr 3 X 10^ but that was a circular superhelical 
DNA (Fraley et al., 1980). Most experiments dealing 
with packaging of DNA into Hposomes have been 
carried out witii the help of otiier metiiods (Straus 
etal., 1981), but the incorporation efficiency was 
very low. 

All these problems can be overcome by using 
pre-condensed DNA preparations. The idea of 
DNA condensation in terms of probable increase in 
efficiency of its incorporation into liposomes has 
been discussed by Fraley et al, (1980). We have 
shown, however, that this procedure can protect the 
DNA against ultrasonic destruction. Therefore, the 
RPE method can be used for highly efficient en- 
capsulation of linear DNA, probably of raUier high 
M, without any damage to the biological activity of 



DNA. Our data have demonstrated spermine- 
induced production of stable toroidal structures effi- 
ciently entrapped by RPE-Iiposomes. Considerable 
I decrease of DNA concentration in the course of its 
condensation by spermine results in the production 
of tori containing a minimal amount of DNA 
molecules and thereby increases the percentage of 
DNA-containing liposomes (Kislina etal., 1985). 
The efficiency of incorporation of condensed DNA 
into RPE liposomes is higher, practicaUy by a factor 
of 10^, than that of encapsulation of native adeno- 
viral DNA into large unilamellar liposomes (Straus 
etal., 1981). 

The optimization of the transfer of packaged 
genetic material into the ceUs has been provided by 
the use of liposomes coupled with influenza virus 
glycoproteins. The recenUy demonstrated pH-in- 
duced membrane-fusing activity of influenza virus 
HA (Maeda and Ohnishi, 1975), as well as its 
thoroughly investigated receptor function (Wilson 
et al., 1981) have made this protein very attractive in 
terms of application in liposomal techniques of the 
transfer of biologicaUy active substances into 
eukaryotic cells (White etal., 1982). Glycoprotein 
introduced into the membrane of the Uposome 
loaded with the substance in question practically 
makes of it a 'container' that will efficiently transfer 
its content undegraded into the cell cytoplasm by 
endocytosis. In other words, such proteoliposomes 
wiU take the same path in the cells as influenza 
virions, which liberate their nucleocapsids into the 
cytoplasm afler receptor interaction with the ceUular 
surface and the passage through the endosomal 
apparatus of the cell. The fusion activity can be 
assessed by hemolysis of red blood cells interacting 
with the virus in an acidic medium. 

We have reconstituted the preformed liposomes 
by influenza virus glycoproteins Unked with pahnitic 
acid residues which functioned as hydrophobic 
'anchors'. The method has previously been used for 
coupling of immunoglobulins with liposomes (Shen 
et al., 1982). Detergent dialysis successfully used for 
the preparation of virosomes (Huang et al., 1980) is 
not suitable for incorporation of DNA into lipo- 
somes. 

The proteoliposomes described in this paper 
exhibited virus-specific HA and HL activities. The 
disproportional decrease in HA activity in our 
liposomal preparations as compared to their HL 
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activity, can be explained by the above-mentioned 
HA inhibition from ether treatment as well as by 
unusual orientation of HA molecules after their 
'anchoring' into the Uposomal membrane, which may 
reduce the efficiency of the interaction of protein with 
cellular receptors. 
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